Background-It is unclear whether measures of glycemic status beyond fasting glucose (FG) levels improve incident heart failure (HF) prediction in patients without history of diabetes mellitus (DM).
HF with LVEF >40%, was considered (n=71), the association was weaker (HR per 10mg/dL, 1.05; 95% CI; 0.94-1.18; P=.41).
Conclusions-Fasting glucose is a strong predictor of HF risk in elderly without history of DM. Other glycemic measures provide no incremental prediction information.
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Heart Failure; Elderly; Glucose Metabolism Disorders Insulin resistance (IR) and related glycemic abnormalities including type 2 diabetes mellitus (DM) have been associated with risk for heart failure (HF). [1] [2] [3] This risk is not entirely explained by the association of glycemic abnormalities with hypertension and dyslipidemia and the ensuing coronary heart disease (CHD) risk. 1, 4, 5 These metabolic alterations have been associated with non-ischemic HF, and insulin-resistant cardiomyopathy has been described in the literature. 6 The definitions and categorization of glycemic abnormalities have evolved over time and differences in classification of the various glycemic states exist. [7] [8] [9] Also, it has been suggested that elevated fasting glucose is primarily related to defective insulin secretion whereas impaired two-hour blood glucose level measured by the oral glucose tolerance test (OGTT) is related to IR. 10 Consequently, post-challenge hyperglycemia may relate more strongly than fasting hyperglycemia with cardiovascular outcomes. 11 Also, recent data suggest that these categorical definitions might not entirely capture the predictive information conferred by abnormalities of glucose metabolism for HF risk and assessments based on continuous measures may be preferable. 12, 13 Lastly, other markers of IR beyond serum glucose levels e.g. insulin levels or hemoglobin A 1c (HbA 1c ) have also been shown to predict HF development in patients with DM. 1, 14 Increased risk of cardiovascular diseases including HF in patients with DM is undisputed. 15 However, with the increasing obesity and metabolic syndrome prevalence in the United States, many patients without a clinical diagnosis of DM may have IR and may be rendered at risk for HF. 16 It is not clear whether OGTT, fasting insulin levels, or HbA 1c have superior or additive predictive value compared to simple fasting glucose levels for HF prediction in patients without history of DM. 2 Similarly, the importance of assessing IR or β cell function indices versus simple serum glucose levels in this respect is not known. Importantly, none of the previous studies has addressed the possible impact of sex and race on the predictive properties of these markers for incident HF prediction. In this study we sought to assess the predictive value of the different definitions and measures of glycemic and insulin status on incident HF risk. In addition, we sought to assess the value of such markers across sex-and race-based subgroups among the participants of the Health ABC Study.
METHODS

Study Population
The Health ABC Study is a population-based study of 3075 well-functioning, communitydwelling men and women aged 70 to 79 years at inception. Participants were identified from a random sample of white Medicare beneficiaries and all age-eligible black residents in designated zip codes areas surrounding Pittsburgh and Memphis. To be eligible, participants had to report no difficulty in walking one-quarter mile or climbing 10 stairs without resting. Exclusion criteria included difficulties with daily activities, cognitive impairment, inability to communicate, intention of moving within 3 years, or participation in a trial involving a lifestyle intervention. The institutional review boards at both sites approved the protocol.
Of the 3075 participants, 689 were excluded from this study [95 had definite or possible HF at baseline, 46 had missing data on HF status, 117 had incomplete data to define glycemic status (missing information on DM history or medications in 12, fasting glucose not available or patient not fasted in 66, and OGTT not performed or patient not fasted in 39), and 431 participants had history of DM). The final cohort for this study included 2386 participants.
Baseline Definitions
Baseline data were collected in 1997-1998. Cardiovascular disease status at baseline was based on ICD 9-CM codes as reported by Medicare and Medicaid Services for the years 1995-1998; self-reported history; and use of selected medications. Prevalent HF status at baseline was defined on the basis of history of HF and medications. Heart failure was considered present if the participant reported history of HF accompanied by use of both a) diuretics and b) either a vasodilator or a cardiac glycoside. Reported HF without qualifying (or missing data on) medications was classified as possible HF. Prevalent HF status was classified as missing if the participant was unable to provide adequate information. Diabetes mellitus was considered present if the participant reported history of diabetes or use of anti-diabetes medications. History of coronary revascularization, electrocardiographic evidence of myocardial infarction, or self-reported history of myocardial infarction or angina accompanied by antianginal medications was considered evidence of coronary heart disease (CHD). Hypertension was defined as self-reported history of hypertension or physician diagnosis and use of antihypertensive medications. Smoking was classified as current, past (if ≥100 lifetime cigarettes), or never. Cerebrovascular disease was based on history of stroke, transient ischemic attack, or carotid intervention. Depression was defined as self-reported history accompanied by medication use. Left ventricular hypertrophy was determined from baseline electrocardiogram by the following criteria: R >26mm in lead V5 or V6, or R >20mm in any of leads I, II, III, aVF, or R >12mm in lead aVL, or R in lead V5 or V6 plus S in lead V1 >35mm.
Baseline Laboratory Measurements
Fasting glucose and OGTT measurements were made after ≥8 hours fasting. Immediately after fasting blood draw, participants ingested 75 g glucose solution and a second sample was drawn 2 hours later. Plasma glucose was measured by an automated glucose oxidase reaction (YSI 2300, Yellow Springs, OH). Insulin was assayed with a microparticle enzyme immunoassay (Abbott IMx) in participants who were not on exogenous insulin. For HbA 1c , ion-exchange high-performance liquid chromatography (Bio-Rad Variant, Hercules, CA) was used. Since this study focused on participants without history of DM, all three measures (OGTT, insulin and HbA 1c levels) were available for the entire study cohort.
Homeostasis model assessment (HOMA) of Insulin Resistance and Insulin Secretion
The homeostasis model assessment (HOMA) of IR and insulin secretion (β-cell function) was developed and validated against hyperinsulinemic-euglycemic clamp (for IR) and hyperglycemic clamp (for insulin secretion). 17 The formulas are as follows:
Insulin resistance (HOMA-IR): fasting insulin (in μIU/mL) × fasting glucose (in mmol/ L)/22.5
β-cell function (HOMA-B): 20 × fasting insulin (in µIU/mL)/(fasting glucose (in mmol/ L)-3.5)
Definitions of Glycemic States
Both the American Diabetes Association (ADA) and the World Health Organization (WHO) classify fasting glucose ≥126 mg/dL or 2-h post-OGTT glucose ≥200 mg/dL as DM, 7, 8 but ADA does not recommend routine use of OGTT. Because of these differences, both the ADA (fasting glucose only) and the combined ADA/OGTT criteria were used to classify glycemic status at baseline in Health ABC Study. Also, WHO defines pre-diabetes fasting glucose at ≥110mg/dL while ADA proposes the 100mg/dL cut-off point. 8 Therefore, we assessed the value of all definitions of glycemic status (ADA, ADA/OGTT, WHO, WHO/OGTT) in relation to incident HF. It is recommended, however, that the diagnosis of DM in an asymptomatic person should not be made on the basis of a single abnormal blood glucose value; additional testing on a different day is advisable. 18 If such samples fail to confirm the diagnosis of DM, it is usually advisable to maintain surveillance with periodic re-testing until the diagnostic situation becomes clear. In Health ABC, among participants without clinical history of DM or anti-diabetes medications, 98 participants had fasting glucose ≥126 mg/dL. These participants were included in this study as "DM range fasting glucose". Finally, both 'intermediate hyperglycemia' and 'pre-diabetes' have been used by the various guidelines for intermediate glycemic states including impaired fasting and/or OGTT glucose; for ease of communication, we referred to this group as 'pre-diabetes' in this study.
Outcomes
All participants were asked to report any hospitalizations and every 6 months they were asked direct questions to elicit information about interim cardiovascular events. All first admissions with an overnight stay confirmed to be related to HF by local adjudicators (based on symptoms, signs, chest radiography results, and echo-cardiographic findings) were classified as incident HF. Briefly, HF was confirmed if, in addition to a physician diagnosis of HF, there was (1) documentation in the participants' medical records of a constellation of symptoms (such as shortness of breath, fatigue, orthopnea, paroxysmal nocturnal dyspnea) and physical signs (such as edema, pulmonary rales, gallop rhythm, displaced left ventricular apical impulse); (2) supporting clinical findings such as evidence of pulmonary edema on chest radiography; or (3) a record of medical therapy for HF, including at least a diuretic and a vasodilator and/or digitalis. Although echocardiography was not available for all HF hospitalizations, when it was available it was considered part of the clinical picture. Since HF was not allowed as a cause of death, there were no deaths considered as incident HF. Deaths were reviewed by the Health ABC diagnosis and disease ascertainment committee; cause of death was determined by central adjudication. Information on left ventricular ejection fraction (LVEF) post-HF development was abstracted from echocardiography or left ventriculography reports from the hospital medical records
Statistical Analysis
Incident HF rates for baseline categories of glycemic status were compared using the log-rank χ 2 statistic. The discrimination properties of the various definitions of baseline glycemic status for incident HF prediction were assessed using the corresponding c statistics. Raw and adjusted hazard ratios (HR) for baseline categories and markers of glycemic status were calculated using Cox proportional hazards models. Adjusted models included body mass index (BMI), which has been shown to be associated both with incident HF in younger individuals 19 and insulin resistance, 20 and previously identified independent predictors of incident HF in Health ABC (age, history of CAD and smoking, baseline systolic blood pressure and heart rate, log creatinine and albumin levels, and left ventricular hypertrophy by electrocardiogram). 13 Proportionality was checked by the Schoenfeld residuals. The appropriate form (i.e. linear vs. non-linear relation to incident HF risk) for markers of glycemic status (fasting glucose, 2-hour glucose, fasting insulin, HbA 1c , and HOMA-derived measures of IR and β-cell function) was determined using fractional polynomials and natural cubic splines. Interaction terms with sex and race were fitted as appropriate to test for modification effects. We assessed the possible incremental value of additional markers of glycemic status beyond fasting glucose by entering 2-hour glucose, fasting insulin, HbA 1c levels, and HOMA-derived measures of IR and β-cell function in incremental models including BMI, previously identified independent predictors of incident HF in Health ABC, and fasting glucose. A threshold of P<.05 (by Wald χ 2 ) was set to retain an additional marker.
In a secondary analysis, we evaluated the association between fasting glucose and risk for HF with reduced (≤40%) vs. preserved (>40%) LVEF. For these analyses, only incident HF cases with documented LVEF were considered as events in separate (reduced and preserved LVEF, respectively) Cox models.
Analyses were performed with Stata 10. A two-sided P-value of .05 or less was considered statistically significant.
RESULTS
The median age of participants was 73 years (interquartile range [IQR], 71-76 years); 47.6% were men and 62.5% white. After a median follow-up of 7.2 years (IQR, 6.9-7.5 years), 185/2386 participants (7.8%) developed HF (11.9 per 1000 person-years; 95% confidence interval [CI], 10.3-13.7). The baseline characteristics of participants and incident HF rates according to glycemic status (classified by the ADA fasting glucose criteria) are shown in Table 1 .
Glycemic Status Categorization and Incident Heart Failure
Based on the ADA criteria, fasting glucose in the pre-diabetes range was detected in 527 participants (22.1%), and 98 (4.1%) had DM-range fasting glucose. When both fasting and OGTT glucose were considered, 827 (34.7%) participants had pre-diabetes fasting and/or OGTT glucose, and 234 (9.8%) had levels in the DM range. Figure 1 shows the Kaplan-Meier estimates of incident HF rate in the various subgroups based on glycemic status. Based on the log-rank χ 2 statistic, fasting glucose based ADA and WHO criteria provided the maximal prognostic separation without any improvement with the addition of OGTT values (Figure 1) . The c statistics for incident HF prediction were 0.538 (95% CI, 0.503-0.572) and 0.534 (95% CI, 0.506-0.561) for the ADA and WHO fasting glucose-only classifications, respectively; the OGTT-added definitions did not improve discrimination (c statistics, 0.533 [95% CI, 0.494-0.572] and 0.529 [95% CI, 0.491-0.566], respectively). No significant modification effect of race or sex on the association of baseline glycemic status with HF risk was observed.
Markers of Insulin Resistance and Incident Heart Failure
We found a continuous association between fasting glucose levels and risk for incident HF (unadjusted HR per 10mg/dL, 1.12; 95% CI, 1.05-1.18; P<.001; adjusted HR, 1.10; 95% CI, 1.02-1.18; P=.009); there was no statistical evidence of a non-linear or 'step' relation. Table 2 shows the raw and adjusted HR for incident HF for the markers of glycemic status. Fasting glucose, OGTT 2-hour glucose, and HbA 1c were associated with incident HF, while fasting insulin and HOMA-derived measure of IR and β cell function were not. In adjusted analyses, fasting glucose had the strongest association with HF risk. When entered in a base model including other independent predictors of incident HF and fasting glucose, additional markers of glycemic status (HbA 1c , OGTT 2-hour glucose, fasting insulin, and HOMA-derived measures of IR and β-cell function) did not improve the model (all Wald χ 2 P>.4). The association of markers of glycemic status with incident HF was similar across sex and race subgroups (data not shown).
Heart Failure with Preserved vs. Reduced LVEF
Data on ventricular function during hospitalization for HF were not prospectively collected in the Health ABC Study; therefore, the available data are based on medical record reviews. Data on LVEF from echocardiography or left ventriculography reports during the index HF hospitalization were available in 140 of 185 (75.7%) of participants. Median LVEF was 42% (interquartile range, 26%-55%). When only HF with LVEF ≤40% (n=69; 49.3%) was considered as endpoint, fasting glucose was strongly associated with the endpoint in the fullyadjusted model (HR per 10mg/dL, 1.15; 95% CI, 1.03-1.29; P=.01). In comparison, when only HF with LVEF >40% (n=71; 50.7%) was considered as endpoint, fasting glucose had a weaker association with the endpoint (HR per 10mg/dL, 1.05; 95% CI, 0.94-1.18; P=.41).
DISCUSSION
In this study, we show that serum glucose levels were strongly associated with risk for HF development in elderly who did not have diabetes mellitus at baseline. This risk was independent of other HF risk factors and was consistent in both sexes, and in whites and blacks. Importantly, other glycemic measures did not provide incremental predictive information. With the increasing obesity and metabolic syndrome prevalence in the United States and the related worsening of glycemic abnormalities in the general population, our findings have important clinical implications.
Although various definitions have been developed and modified over time to characterize glycemic status into sub-groups, we and other investigators have shown in the past that the relation between serum glucose levels and incident HF is continuous. 5, 12, 13 Notably, previous studies included both subjects with and without clinical DM; in the current study, we found a continuous relation in subjects without history of DM. Moreover, risk increases even within a range of levels that is currently considered normal by all criteria. However, analysis using categorization of glucose levels into normal, pre-diabetes range, and DM-range failed to detect increased risk for incident HF in persons with pre-diabetes range in our study. This most likely represents the effect of sub-group analysis and beta-error related to lack of power to detect a difference. Thus, our results underscore the risk of loss of information associated with categorization of biologically continuous variables. One may contest that the importance of pre-diabetes and cardiovascular risk is primarily shown in younger populations, and part of the risk might be mediated through risk of new onset DM over time. The potent relationship between serum glucose levels as an independent predictor of HF risk even after adjusting for other risk factors makes this assertion less likely.
The biological association of serum glucose levels and HF risk has been studied well in patients with DM; the same mechanisms may underlie this risk association in patients without history of DM and may be mediated through IR. In the presence of IR, the heart rapidly modifies its metabolism, resulting in augmented fatty acid and decreased glucose consumption. 6, 21 This alteration is central in the development of diabetic cardiomyopathy, a condition that affects both systolic and diastolic function of the heart and predisposes to HF. 22, 23 Additional mechanisms linking IR and HF include adverse effects of hyperglycemia on endothelial function, 24 effects of excess circulating glucose and fatty acids on myocyte structure, 25 intracellular signaling and gene expression, 26 and impaired recruitment of the myocardial insulin-responsive glucose transport system in response to ischemia. 27 In line with these findings, we recently reported that fasting glucose is an independent predictor of incident HF prediction in the elderly participants of the Health, Aging, and Body Composition (Health ABC) Study, 13 superseding baseline diabetes status (as defined by self-reported history and use of medications).
The WHO definition of glycemic status suggests incorporation of OGTT, which is expected to uncover latent DM (or at risk for DM) subjects based on a challenge as opposed to a fasting value. With respect to prediction of HF risk, we did not detect any incremental value of OGTT over fasting glucose alone. When used as a categorical value, OGTT rather reduced the specificity of the fasting glucose based categorization of glycemic abnormalities, and when studied as a continuous variable, it did not add anything to the prediction of incident HF beyond fasting glucose. Thus, OGTT did not help identify persons at greater risk for subsequent HF. Indeed, neither switching to WHO criteria (which are more liberal on normal fasting glucose values) nor addition of OGTT resulted in net improvement in HF risk classification above ADA fasting glucose based definitions.
Although we found significant unadjusted relations between markers of glycemic status and HF risk, serum glucose levels remained the most potent risk predictor. Once controlled for all other predictors of HF risk including serum glucose, none of the other markers --fasting insulin, 2 hour post challenge glucose levels. Hemoglobin A 1c , and HOMA-based IR and β cell function assessment --provided additional prognostic information. These results obviously neither test nor suggest any pathophysiologic association of any of these markers with HF risk, but they provide important practical information. Fasting glucose levels may help to identify persons who are at risk for HF, and risk detection with respect to glycemic status may best be achieved with a simple and inexpensive blood test.
Interestingly, in our study fasting glucose was more strongly associated with incident HF with depressed as compared to preserved LVEF. Although some data suggest that the outcomes for these two groups of patients are similar, the distribution of demographic characteristics still differ significantly between the two groups, 28 i.e. patients with HF and preserved EF are more likely to be older and women. This may impact on the risk factor profile for incident HF for the two groups, something that is also suggested by our solitary risk factor analysis, i.e. fasting glucose. However, due to the restricted number of patients in our subgroup analysis and the lack of uniform LVEF assessment, these data are preliminary. Differences in risk factors and their population attributable risks for HF with preserved vs. low LVEF need further study.
Our study has several limitations. Diagnosis of incident HF in our study was based on HF hospitalization and therefore we likely underestimated the true incidence of HF. Echocardiography was not performed at baseline in the Health ABC Study. Thus, participants with subclinical prevalent structural heart disease may have been included in the analysis. Ninety-eight participants in this study had fasting glucose in the DM range. We are not certain what proportion of these individuals represents undiagnosed DM vs. spurious finding, what proportion were subsequently clinically diagnosed and treated vs. not; and who required intensive medical therapy vs. just diet control for borderline elevated glucose levels. These issues are however important as undiagnosed and untreated DM would not only heighten the risk for HF development, but it may also represent more complex social (inadequate access to care) and medical (poorly treated comorbidities) issues which may also predispose an individual to develop HF. Because ventricular function during hospitalization for HF was not prospectively assessed, we could not reliably assess the differential impact of fasting glucose on development of HF with preserved vs. reduced LVEF. The available data on LVEF were based on medical record reviews and are not derived from a single modality. Therefore, we cannot be confident that the distribution of LVEF in our data is representative of the investigated population. Finally, the findings of this study are limited to the elderly population and are not transferable to the general population. Further work is needed.
In conclusion, our study demonstrates that simple fasting serum glucose levels were the strongest predictor of incident HF risk among glycemic status markers; that this relationship is continuous; and starts at a level considered normal for serum glucose. This relationship was not affected by either white or black race, or sex. Testing for other glycemic measures did not add to our ability to identify individuals at risk for incident HF. Whether identification of such high-risk individuals and subsequent glucose lowering intervention would reduce HF risk needs further study.
Figure 1. Incident heart failure by baseline glycemic status
The fasting glucose -only based definition s of glycemic status (upper panels) provide better prognostic separation for incident heart failure as compared to the respective OGTT-added definitions (lower panels), as indicated by the log-rank χ 2 statistics. Note that the risk for incident HF among participants in the intermediate glycemic categories (i.e., impaired FG in upper panels and impaired FG or OGTT in lower panels, respectively) is not distinctly different as compared to that among participants with normal glycemic status (Mantel-Cox χ 2 statistics for the comparisons between impaired and normal glycemic status all correspond to P>.25). ADA, American Diabetes Association; FG, Fasting glucose; OGTT, Oral glucose tolerance test; WHO, World Health Organization 
